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Abstract 

Chronic immune activation (IA) is considered as the driving force of CD4 + T cell depletion and AIDS. Fundamental clues in 
the mechanisms that regulate IA could lie in natural hosts of SIV, such as African green monkeys (AGMs). Here we 
investigated the role of innate immune cells and IFN-ot in the control of IA in AGMs. AGMs displayed significant NK cell 
activation upon SIVagm infection, which was correlated with the levels of IFN-a. Moreover, we detected cytotoxic NK cells in 
lymph nodes during the early acute phase of SIVagm infection. Both plasmacytoid and myeloid dendritic cell (pDC and 
mDC) homing receptors were increased, but the maturation of mDCs, in particular of CD16 + mDCs, was more important 
than that of pDCs. Monitoring of 15 cytokines showed that those, which are known to be increased early in HIV-1/SIVmac 
pathogenic infections, such as IL-15, IFN-ot, MCP-1 and CXCL10/IP-10, were significantly increased in AGMs as well. In 
contrast, cytokines generally induced in the later stage of acute pathogenic infection, such as IL-6, IL-18 and TNF-ot, were 
less or not increased, suggesting an early control of IA. We then treated AGMs daily with high doses of IFN-a from day 9 to 
24 post-infection. No impact was observed on the activation or maturation profiles of mDCs, pDCs and NK cells. There was 
also no major difference in T cell activation or interferon-stimulated gene (ISG) expression profiles and no sign of disease 
progression. Thus, even after administration of high levels of IFN-a during acute infection, AGMs were still able to control IA, 
showing that IA control is independent of IFN-a levels. This suggests that the sustained ISG expression and IA in HIV/SIVmac 
infections involves non-IFN-a products. 
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Introduction 

Chronic immune activation during HIV infection is considered 
as the main driver of CD4 + T cell depletion and AIDS, and early 
T cell activation is a better predictor of the outcome of the 
infection than viral load [1]. Recent observations suggest that 
inflammation is even more important than T cell activation to 
predict disease progression and mortality [2,3]. Already in the 
acute primary phase of HTV-1 infection, the levels of soluble 
inflammatory mediators, such as IP- 10 (CXCL10), were predictive 
of disease progression [4,5]. 

Type I IFN (IFN-I), such as IFN-a, is an important component 
of innate immunity providing a first-line defense to viral infections, 
as well as bridging the innate and adaptive immune systems. This 
cytokine is mainly produced by plasmacytoid dendritic cells 
(pDCs) in viral infections. These cells interact with myeloid 
dendritic cells (mDCs), NK cells, monocytes, T and B cells and 
contribute to the orchestration of the immune response. IFN-a 
production is critical for the activation of NK cells, enhancing 



IFN-y secretion and their cytotoxicity. Reciprocally, NK cells can 
affect pDC maturation and function [6]. Thus, upon infection, a 
crosstalk is engaged between NK cells, pDCs and mDCs, an 
interplay that involves IFN-I activity coupled with the release of 
other soluble factors [7]. 

Upon recognizing HIV-1, pDCs become activated, secreting 
high amounts of IFN-a and inflammatory cytokines, such as TNF- 
a [8]. This leads to bystander maturation of mDCs [9]. Both pDCs 
and mDCs are reduced in number and function in HIV-1 infected 
individuals in the circulation [10]. PDCs have been shown to 
migrate to lymph nodes (LNs), gut and spleen and accumulate 
there [11-14]. As a matter of fact, the diminished responses seen 
in disease progressors might be explained by pDC exhaustion or 
trafficking to tissues [13,15]. Moreover, a defect in the pDC-NK 
cell cross-talk, due in large part to impaired NK cell responsiveness 
to IFN-a, has been described in HIV-1 infection [16,17]. Still the 
role of IFN-a in HIV infection is controversial. On the one hand, 
IFN-a may delay disease progression by inhibiting viral replication 
through the induction of cellular restriction factors and by 
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Author Summary 

Chronic inflammation is considered as directly involved in 
AIDS pathogenesis. The role of IFN-ot as a driving force of 
chronic inflammation is under debate. Natural hosts of SIV, 
such as African green monkeys (AGMs), avoid chronic 
inflammation. We show for the first time that NK cells are 
strongly activated during acute SIVagm infection. This 
further demonstrates that AGMs mount a strong early 
innate immune response. Myeloid and plasmacytoid 
dendritic cells (mDCs and pDCs) homed to lymph nodes; 
however mDCs showed a stronger maturation profile than 
pDCs. Monitoring of cytokine profiles in plasma suggests 
that the control of inflammation in AGMs is starting earlier 
than previously considered, weeks before the end of the 
acute infection. We tested whether the capacity to control 
inflammation depends on the levels of IFN-ot produced. 
When treated with high doses of IFN-ot during acute 
SIVagm infection, AGMs did not show increase of immune 
activation or signs of disease progression. Our study 
provides evidence that the control of inflammation in 
SIVagm infection is not the consequence of weaker IFN-ot 
levels. These data indicate that the sustained interferon- 
stimulated gene induction and chronic inflammation in 
HIV/SIVmac infections is driven by factors other than IFN-ot. 



stimulating various components of the immune response involved 
in the control of HIV [18,19]. A beneficial effect of IFN-ot is also 
suggested by the observation of higher levels of pDCs and IFN-ot 
production by TLR9-stimulated pDCs in HIV-infected long-term 
non-progressors [20] . On the other hand, IFN-ot levels and type I 
interferon-stimulated gene (ISG) are markedly increased and 
sustained in progressors as compared to long-term non-progressors 
[21,22]. Indeed, in HIV-untreated patients, high levels of ISG, 
such as IP- 10, were associated with a more rapid CD4 + T cell 
depletion [4,23]. Thus, it has been suggested that IFN-ot might 
exert deleterious effects through various mechanisms. It could fuel 
chronic immune activation by the induction of ISGs including 
chemokines able of attracting target cells to the site of viral 
replication [24]. It could also stimulate innate immune cells, such 
as NK cells, which will in turn produce cytokines (IFN-y,...) and 
chemokines, and indirectly contribute to the activation of other 
cell types. Moreover, the up-regulation of the ISG TRAIL may 
induce apoptosis of uninfected CD4 + T lymphocytes [25]. Chronic 
high levels of IFN-ot could also induce defects in the thymopoiesis 
and bias in T cell selection, thereby accelerating disease 
progression [26]. 

Fundamental clues regarding the role of inflammation in AIDS 
and the mechanisms that protect against it may lie in natural hosts 
of SIV, such as African green monkeys (AGMs) and sooty 
mangabeys (SMs), which are asymptomatic carriers of SIV 
[27,28]. This protection against AIDS is seen despite virus 
replication levels in blood and gut similar to HIV-1 infected 
humans and SIVmac-infected macaques [29] . It is associated with 
an absence of chronic immune activation, lacking both chronic T 
cell activation and chronic inflammation [27,30-32]. This is not 
due to ignorance of the virus or to a functional defect of pDCs in 
sensing the virus [33-36]. Indeed, a vigorous innate immune 
response is triggered upon infection [34,36-40], Thus, the acute 
phase of SIVagm infection is characterized by the recruitment of 
pDCs to LNs, IFN-ot production, induction of ISG and 
corresponding protein (ISP) expression [34,36-40]. The levels of 
ISP strongly correlated with IFN-ot levels during the acute phase of 
SIVagm infection [36]. However, there are major differences as 



compared to SIVmac infection: the levels of IFN-ot produced in 
blood and LN were lower than those observed in SIVmac 
infection [35,36,38]. Moreover, in some reports, most cytokines 
were produced only to moderate levels in natural hosts and several 
pro-inflammatory cytokines were not induced at all, in contrast to 
the cytokine storm seen during pathogenic HIV-1 /SIVmac 
infections [30,35,36,38,41-43]. Finally, ISGs, cytokines and T 
cell activation are down-regulated by the end of the acute phase in 
natural hosts and maintained as such. Thus, while in HIV/ 
SIVmac pathogenic infections, immune activation persists, in 
natural hosts there are mechanisms that either prevent the onset of 
sustained inflammation or mechanisms that rapidly and efficiently 
turn them off. 

In this report, we investigated the effect of SIVagm infection in 
AGM on innate immune cell compartments, in particular pDCs, 
mDCs and NK cells, and tested whether exogenous administration 
of IFN-ot would modify the development of antiviral responses, 
promote chronic inflammation and/ or alter clinical parameters. 

Results 

Close follow up of viral replication and T cell dynamics 

The innate immune responses were followed in six SIVagm. - 
sab92018-infected AGMs between days 2 and 547 post-infection 
(pi). We analyzed both blood and LNs. It is crucial indeed to study 
LNs because these are the sites where T and B cell responses are 
induced, shaped, and regulated and where correlates of protection 
were identified [44,45]. Consistent with previous reports, AGMs 
displayed high levels of SIV replication with a peak on day 9 pi 
coinciding with a transient decline in CD4 + T cell levels (Figure 1 A 
and B) [30,36,46]. We monitored T cell proliferation and 
confirmed that the primary phase of SIVagm infection in AGMs 
is associated with a transient increase in the percentages of Ki-67 + 
T cells in blood and LNs (Figure ID and E) [30]. The peak of Ki- 
67 CD4 + T cells was observed between day 7 and 9 pi (at day 9, 
p = 0.031), while the percentage of Ki-67 + CD8 + T cells reached a 
plateau on day 1 1 pi in blood (p = 0.008) and a peak on day 25 pi 
in LN (p = 0.016). The Ki-67 + CD4 + and DN T cell frequencies 
subsequently decreased on day 1 1 and that of Ki-67 + CD8 + T cells 
after day 31 pi. 

PDCs from SIVagm-infected AGMs displayed a more 
immature phenotype as compared to mDCs 

To better understand the trafficking and function of mDCs, 
pDCs and NK cells in AGMs, we investigated the early changes in 
activation, maturation, function and homing markers of these cells 
in blood and LNs (Figures 2, 3 and 4, respectively). The gating 
strategy used for flow cytometry analysis is depicted in Figure S 1 . 
We first confirmed previous data on pDC and mDC dynamics 
during SIVagm infection (data not shown) [38,47,48]. We then 
studied two homing receptors for DCs: the homing inflammatory 
chemokine receptor CXCR3, which is the receptor for CXCL9, 
IP-10 and CXCL11 and CCR7, which is a receptor for 
chemokines that are expressed constitutively in secondary 
lymphoid organs. In line with the increase of mDC frequency in 
LNs, expression of CXCR3 increased on these cells in blood and 
LNs during acute infection (Figure 2A and B). Moreover, the 
percentage of CCR7 + mDCs was transiently increased in blood 
(p = 0.039 at day 9 pi) (not shown) while CCR7 levels on mDC 
surface did not increase (Figure 2C and D). For pDCs, the 
expression levels of CCR7 were significantly increased up to day 
14 pi, while the CXCR3 levels were not increased (Figure 3A-D). 
Hence, CXCR3 and CCR7 showed opposite expression profiles 
on pDCs and mDCs. Still, both mDCs and pDCs showed an 
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Figure 1. Follow-up of virological and immunological markers during primary SIVagm infection. (A) Plasma viral RNA copy numbers 
were measured by real-time PCR in 6 AGMs infected with SIVagm.sab92018. Flow cytometry evaluation of (B) CD4 + , CD8 + and DN T cell counts in 
blood, (C) CD4 + , CD8 + and DN T cell percentages in LNs; CD4 + , CD8 + and DN T cell proliferation as evaluated by Ki-67 + cells percentages in (D) blood 
and (E) LNs. Data are presented as medians and interquartile ranges. Day zero represents the median of all the time points before infection. When p- 
values between time points were determined (cf. results), the Wilcoxon matched-pairs signed rank test was used. 
doi:1 0.1 371 /journal.ppat.1 004241. gOOl 



increase expression of one homing marker, concomitant with their 
increases in LNs [38,47,48] 

MDCs showed up-regulations of the maturation markers CD80 
and CD86 in blood and LN at early time points of primary 
infection (in blood: p = 0.008 at day 4 pi for CD86 and p = 0.008 
at day 2 pi for CD80, in LNs: p = 0.031 at day 9 for CD80) 
(Figure 2F, G, I and J). In contrast, the expression of CD86 was 
not modulated on pDCs (Figure 3E and F). 

It was surprising to see this discrepancy in maturation profiles 
between mDCs and pDCs. To confirm these findings, we analyzed 
the maturation profiles of mDCs and pDCs in the blood of 
another group of 8 AGMs infected with SIVagm. In this group, we 
further distinguished CD16 + mDCs (inflammatory) and CD16 - 
mDCs (Figure 2E, H and K). In addition to the maturation 
markers CD80 and CD86, we also measured HLA-DR expres- 
sion. The two CD 16 and CD 16 mDC subsets were present 
in similar frequencies in blood (not shown). Both mDC 
subsets displayed increases in the expression of CD80, CD86 
and HLA-DR. These maturation markers were more significantly 
increased on the CD16 + than on the CD16 - subset (Figure 2E, H 
and K). 



We confirmed the pDC phenotype in these 8 additional animals 
by staining for BDCA-2 (Figure 3G— FT). We choose to follow 
HLA-DR and CD40 as these markers are well known to be up- 
regulated when pDCs mature and CD40 expression is increased 
on pDCs in SIV/HIV pathogenic infection [49,50]. On AGM 
pDCs, the expression of HLA-DR was significantly down- 
regulated during the acute phase and the expression of the 
activation/maturation marker CD40 was not modulated 
(Figure 3G and H). The expression of CCR7 was transiendy 
increased (p = 0.031 at day 4 pi) in this group of AGM too (not 
shown). These analyses thus confirm that mDCs show a more 
pronounced maturation profile than pDCs during SIVagm 
infection. 

Strong activation of NK cells during primary SIVagm 
infection 

The two main functional NK cell subsets (cytolytic versus 
cytokine producers) were analyzed. These two subsets were 
differentiated based on the expression of CD 16, the CD16 + subset 
being the predominant one in blood, as in humans and macaques 
(Figure 4A). Similar to cynomolgus macaques, the CD56 marker 
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Figure 2. Expression of homing and maturation marker on mDCs in blood and lymph nodes following SIVagm infection. MDCs were 
defined as shown in Figure S1. Expression levels of the chemokine receptors (A, B) CXCR3 and (C, D) CCR7 and the co-stimulatory (F, G) CD86 and (I, J) 
CD80 molecules on mDCs by flow cytometry in blood (left panels) and LNs (center panels) are shown as mean fluorescence intensity (MFI) after 
isotype-control levels were subtracted (n = 6 AGMs). A phenotypic analysis of mDC subsets was performed on another group of 8 AGMs (right panels). 
CD16 was added to differentiate the subsets. The expression levels of (E) HLA-DR, (H) CD86 and (K) CD80 on CD16 + (in purple) and CD16~ (in pink) 
mDCs are shown as MFI. Data are presented as medians and interquartile ranges. Day zero represents the median of all the time points before 
infection. P-values were obtained from a linear mixed effect model to characterize each marker's progression (with a logarithm transformation for 
panel A and B). 

doi:1 0.1 371 /journal.ppat.1 004241. g002 



cannot be used in AGM to differentiate the NK cell subsets [51]. 
Thus, NK cells were defined as CD3" CD20" HLA-DR" CD8oc + 
NKG2A + CD16 +/ " (Figure SIB and C), as in other studies on NK 
cells from macaques and SMs [39,52]. A significant transient 
decline of both subsets was observed in blood (p = 0.03 1 at day 2 
pi) (Figure 4A). NK cell numbers then progressively increased to 



reach 249% of the pre-infection levels at the end of primary 
infection (day 25-31 pi) for the major CD16 + subset, and 154% for 
the CD 1 6 subset. They returned to baseline levels in the chronic 
phase (not shown). In LNs, only few NK cells were detectable and 
most corresponded to the CD 16 subset, similar to humans [53]. 
A significant decrease in the percentage of the CD 16 subset in 
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Figure 3. Follow-up of homing and maturation markers on pDCs in blood and lymph nodes following SIVagm infection. PDCs were 
defined as shown in Figure S1. Expression levels of the chemokine receptors (A, B) CXCR3 and (C, D) CCR7 and the (E, F) co-stimulatory CD86 on (A, C, 
E) blood and (B, D, F) LN pDCs are shown as MFI after substraction of isotype-control values (n = 6 AGMs). The expression levels of (G) HLA-DR and (H) 
CD40 were analyzed on another group of 8 AGMs. PDCs were here defined as CD20~ BDCA2 + CD123 + HLA-DR + . Data are presented as medians and 
interquartile ranges. Day zero represents the median of all the time points before infection. See legend to Figure 2 for a description of p-values 
(logarithm transformation for panel B). 
doi:1 0.1 371 /journal.ppat.1 004241. g003 



LNs was observed (Figure 4B). The levels of CD16 + cells in LNs 
were too low to be followed. Thus, CD16 + NK cells in the 
blood exhibited maximal increase at the time of transition between 
acute and chronic phase, similar to what has been observed in 
SMs [39]. 

We monitored the activation profiles of CD16 + and CD16 - NK 
cells in blood and of the CD 1 6 NK cells in LNs. As shown in 
Figure 4C and E, the frequencies of Ki-67 + and CD69 + NK cells 
were markedly enhanced upon SIVagm infection in blood with a 
peak on day 11 pi. The activation profiles of CD 1 6 NK cells in 
blood followed a similar kinetic than that of CD16 + NK cells (not 



shown). The percentage of activated NK cells also highly increased 
in the LNs (Figure 4D and F). 

To evaluate NK cell function, the surface expression of CD 107a 
(a surrogate marker for cytolytic function) and intracellular 
expression of IFN-y (cytokine production) were measured 
(Figure 4G^J). The NK cell cytolytic activity was significantly 
increased only in LNs (Figure 4G and H) and no significant 
increase of IFN-y production was observed in either blood or LNs 
(Figure 41 and J). 

NK activation in blood and LNs was correlated with viral 
replication (blood CD16 + Ki-67%: Rs = 0.37, p<0.001; LN 
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Figure 4. NK cell activation pattern and function in blood and lymph nodes upon SIVagm infection. NK cells were defined as CD45 + 
Lineage" (CD3, CD20, HLA-DR) CD8oc + NKG2A + CD16 +/ ~. The major NK cell populations were CD16 + in blood and CD16~ in LNs (Figure SI). (A) 
Absolute numbers of NK cells in blood and (B) frequencies among CD45 + LN cells throughout SIVagm infection. Frequencies of (C, D) proliferating (Ki- 
67 + ) and (E, F) activated (CD69 + ) NK cells in blood (left panels) and LNs (right panels). Cytotoxicity was estimated by measuring the frequency of 
degranulating cells (CD107a + cells) in (G) blood and (H) LNs. The level of cytokine production was assessed by direct ex vivo intra-cellular staining of 
the frequency of IFN-gamma in NK cells from (I) blood and (J) LN. Data are presented as medians and interquartile ranges (n = 6 AGMs). Day zero 
represents the median of all the time points before infection. See legend to Figure 2 for a description of p-values (logarithm transformation for panel 
B, C and G). 

doi:1 0.1 371 /journal.ppat.1 004241. g004 
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CD16 Ki-67%: Rs = 0.54, p = 0.002; blood CD16 + CD69%: 
Rs = 0.4, p<0.001; LN CD16"CD69%: Rs = 0.53, p = 0.002). 
The NK cell cytolytic activity in LNs was also correlated with viral 
load (CD16"CD107a%: Rs = 0.54, p = 0.003). Thus, in SIVagm 
primary infection, NK cells were strongly activated and cytolytic 
NK cells increased in LNs. These increases were positively 
associated with viremia levels. 

Interferon-a production correlated with NKcell activation 

Both NK cell activation and cytotoxic activity are stimulated by 
IFN-I, which is driven by virus. IL-15 plays a pivotal role in the 
development, survival and function of NK cells. We quantified 
IFN-I and IL-15 concentrations in blood and tissues. In line with 
previous reports for SIVagm infection [36,38,42], the IFN-oc levels 
in plasma were transiently increased during primary infection. In 
addition, we reveal an increase of IL- 1 5 production. The animals 
displayed two peaks of IFN-OC and IL-15 production, on days 2 and 
9 pi, day 9 corresponding to the peak of plasma viremia (Figure 5 A 
and C). By day 1 1 pi, these levels were already decreased and 
below detection limit after day 14 pi for IFN-a. IFN-a and IL-15 
were also measured in LNs ex vivo by collection of supernatants 
from the LN cell preparations (Figure 5B and D). The IFN-a 
concentrations in these supernatants were increased between days 
2 and 1 1 pi. The limited number of LNs that could be collected 
did not allow for the same close monitoring frequency as in blood 
and it is unclear whether two peaks of expression were present in 
the LN compartment as well. 

We found that NK cell activation in blood was correlated with 
the IFN-a levels (CD69%: Rs = 0.39, p<0.001; Ki-67%: 
Rs = 0.24, p = 0.008) and the IL-15 levels in plasma (GD69%: 
Rs = 0.25, p = 0.009; Ki-67%: Rs = 0.28, p = 0.003). At the level of 
LNs, IFN-a was correlated with NK cell activation (CD69%: 
Rs = 0.35, p = 0.032; Ki-67%: Rs = 0.41, p = 0.012) and cytotox- 
icity (CD107a%: Rs = 0.5, p = 0.002), while IL-15 was only 
correlated with NK cell proliferation (Ki-67%: Rs = 0.43, 
p = 0.007). The IFN-a levels also correlated with Ki-67 + CD4 + 
T cell levels (Rs = 0.3, p = 0.002). Altogether, IFN-a and IL-15 
correlated with NK activation and IFN-a with NK cytotoxic 
activity in LNs. 

Increased cytokines in early but not late acute phase of 
SIVagm infection 

We quantified thirteen additional cytokines in the plasma for 
the two AGM groups (Figure 5 and S2) to determine the earliest 
kinetics of cytokines and search for differences with the cytokine 
storm reported in HIV-1 and SIVmac infections. Cytokines 
reported to be increased early during HIV-1 infection were 
selected, such as MCP-1 as well as "innate" cytokines, such as IL- 
12. The early collection time points were chosen at very short 
intervals starting at 6 hours pi. Among the 1 5 cytokines studied in 
total, 8 were significandy up-regulated and 6 displayed a first peak 
on day 2 as well as a second increase on day 7 and/ or 9 pi: IL-15, 
IFN-a, IP- 10, MCP-1, IFN-Y and IL-18 (Figure 5 and S2). IL-15, 
IP- 10 and MCP-1 are inducible by IFN. Their profiles strongly 
correlated with IFN-a levels (IL-15: Rs = 0.53, p<0.001; IP-10: 
Rs = 0.73, p<0.001; MCP-1: Rs = 0.6, p<0.001) (Figure 5). IL-8 
was modestly increased at day 9 pi, while IL- 1 2 was up-regulated 
only later on, on days 14 and 28 pi and even downregulated at 
time points just after the IFN-a peaks (Figure S2). This might be 
due to the fact that IL- 1 2 is inhibited by IFN-a [54] . As a matter of 
fact, previous reports in SIVmac and HIV- 1 infection showed that 
IL- 1 2 levels increase late in primary infection, once the IFN-a 
levels decrease [43,55]. Strikingly, in SIV- infected AGMs, most of 
the other pro- and anti-inflammatory proteins and ISPs measured 



(IL-6, sTRAIL, TNF-a, IL-17, TGF-(3) were not modulated 
(Figure S2). 

We wondered whether the first peak (day 2 pi) is specific for 
natural hosts. For those cytokines, which showed increases already 
on day 2 pi in AGMs, we also measured cytokines in two rhesus 
macaques infected with SIVmac251 (Figure S3). Also in these 
monkeys, a peak of cytokine production was observed on day 2 pi 
depending on the cytokine and the animal studied, suggesting that 
the early peak is not unique to AGMs. Most of studies conducted 
so far don't include such early time points. However, a similar 
early induction (day 2-4 pi) of IFN-a and some ISGs has been 
observed at mucosal sites of orally infected macaques [56]. We had 
already noticed such an early peak in previous studies [36,38]. The 
AGMs were infected here with a purified virus which therefore 
excludes that the early peak is due to contaminants in the inoculum. 
Finally, the data confirm previous reports showing that IFN-a 
levels are lower in acutely infected AGMs compared to macaques 
(Figure S3B) [35,36,38]. 

Altogether, the close monitoring of fifteen soluble factors 
showed that cytokines, which are known to be produced early 
during SIVmac infection in macaques or HIV-1 infection in 
humans, i.e. before, during or shordy after the viral peak, were all 
induced in SIVagm infection. In contrast, cytokines that are 
induced late during the acute phase of pathogenic infection were 
not or only moderately induced in AGMs. 

Administration of high levels of IFN-a during primary 
infection has no impact on SIVagm infection 

We tested whether the lower levels of IFN-a in SIVagm 
infection might dictate the outcome of infection, in particular with 
respect to the resolution of the inflammation. We therefore 
administered high doses of recombinant IFN-a (r-mamu-IFN-a) 
during the acute phase of SIVagm infection in an attempt to 
perturb the control of inflammation and abolish its resolution, 
which would be characterized by uncontrolled expression of ISGs 
and chronic immune activation. 

The r-mamu-IFN-a used for the in vivo treatment was first tested 
for its efficacy on AGM cells in vitro and in vivo (Figure 6A-D and 
F). The same cytokine has been previously used in SMs without 
inducing any anti-IFN-a antibodies [57]. AGM PBMCs exposed 
to r-mamu-IFN-a in vitro up-regulated the expression of ISGs, such 
as Mxl or IP-10, to similar levels as in macaque PBMCs 
(Figure 6A). Low doses of the r-mamu-IFN-a were already highly 
efficient for ISG induction, in line with previous data [36] . After a 
single in vivo injection of 5 x 10 5 IU of r-mamu-IFN-a, high levels of 
IFN-a were observed in plasma 1 hour post-treatment (Figure 6B), 
leading to strong up-regulation of ISGs, such as IP-10 (Figure 6C). 
Since the half-life of a similar human recombinant IFN-a has been 
estimated at 2-5 h in AGMs in vivo [58], this could explain why the 
levels of IFN-a and IP-10 mRNA were already low at 24 h after 
administration despite the r-mamu-IFN-a being an IgG fusion 
protein [57,59]. In order to maintain robust levels of IFN-a and 
constandy high expression of ISGs, we injected r-mamu-IFN-a 
daily with a 10% increment every 2 days for 16 days. The safety 
and efficacy of such treatment were verified on a SlV-chronically- 
infected AGM. The latter displayed a 2 log 10 decrease of the 
chronic viral load during the treatment (Figure 6D), but no major 
difference in T cell activation (Figure 6F), similar to data reported 
for chronically SIV-infected SMs [5 7] . Anti-IFN-a antibodies were 
not detected at any time point during or after treatment (data not 
shown). 

Since r-mamu-IFN-a was efficient in cells from uninfected and 
chronically infected AGMs, we then tested whether such treatment 
would affect the resolution of immune activation during primary 
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Figure 5. Profiles of early cytokines in plasma and lymph node supernatants upon SIVagm infection. Cytokine concentrations in plasma 
(n = 14 AGMs) and LN cell supernatants (n = 6 AGMs), as determined by ELISA or by a functional test for IFN-a: (A, B) IL-15, (C, D) IFN-ot, (E, F) IP-IOand 
(G, H) MCP-1 . The graphs are listed by order of appearance of the cytokines as described for pathogenic HIV infection [43]. Only cytokines known to 
be induced very early on in HIV infection are shown. The horizontal line in each box plot represents the median. The bottom and top edges of each 
box correspond to the 25th and 75th percentiles. Whiskers extend up to adjacent values representing the largest and smallest values that are not 
outliers. Day zero represents the median of all the time points before infection. Red and hatched boxes indicate statistically significant increases 
relative to baseline with p<0.001 and 0.001<p<0.05, respectively (Wilcoxon matched-pairs signed rank test). The X axes were placed at the 
threshold value. 

doi:1 0.1 371 /journal.ppat.1 004241. g005 
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Figure 6. Evaluation of r-mamu-IFN-a efficacy in AGMs. (A) In vitro comparison of the induction of ISG expression in AGM (hatched green) 
versus rhesus macaques (red) PBMCs after 18 h stimulation with 10, 100 or 1000 lU/ml of r-mamu-IFN-a (n = 2 AGMs, n = 2 macaques). Mxl gene 
expression values were measured by real-time PCR and are expressed as the Log 2 (fold change relative to values before treatment). The experiment 
was done in triplicate. (B) IFN-a detection in the plasma of SIV-negative (hatched green) and SIV-infected (blue) AGMs after a single subcutaneous 
injection of 5 x10 s IU of r-mamu-IFN-a. IFN-oc was rapidly detectable in blood (1 h), but decreased after 24 h. (C) Efficient induction of ISG (CXCL10, IP- 
10) in the PBMC of SIV-negative (hatched green) and SIV-infected (blue) AGMs (chronic phase) after a single subcutaneous injection of 5 xlO 5 IU of r- 
mamu-IFN-oc. Gene expression was measured by real-time PCR and expressed as the Log 2 (fold change relative to values before treatment). (D) Viral 
load in a chronically SIV-infected AGM treated during 16 days with r-mamu-IFN-a as described in results. (E) Impact of the r-mamu-IFN-a treatment 
during acute infection on viral load. SIVagm-infected untreated AGMs are shown in black and IFN-a-treated in blue. Plasma viral load are reported as 
log 10 (viral RNA copies)/ml of plasma. (F) No major effect of the two weeks IFN-a treatment on T cell proliferation in an uninfected AGM and in a 
chronically infected AGM (same AGM as in D) as measured by flow cytometry. (G and H) No effect of the treatment during the acute phase on T cell 
proliferation. T cell proliferations are shown as percentage of Ki-67 + cells among blood (G) CD4 + and (H) CD8 + T cells. SIVagm-infected untreated 
AGMs are shown in black and IFN-a-treated in blue. The grey area indicates the period of treatment. The medians of treated animals were inside the 
interquartile range of the control untreated animals and were thus considered not different. 
doi:1 0.1 371 /journal.ppat.1 004241. g006 



infection. The treatment was started on day 9 pi because after day 
9 pi, endogenous IFN-a levels started to decrease, concomitantly 
with the diminution of other cytokines and ISPs such as IP- 10 and 
MCP-1 and the decrease of activated NK cells and Ki-67 + CD4 + 
T cells. Also, based on data from the literature, we could not 
exclude that an initial inflammation during the first week of 
infection is necessary to establish infection. Finally, we did not 



want to interfere with the efficacy of the initial viral replication. 
Two AGMs were injected daily with r-mamu-IFN-a between day 
9 and 24 pi. The virological and immunological profiles in the 
IFN-a-treated AGMs were compared to those of the 6 infected but 
untreated AGM (Figures 6E, 6G, 6H, 7, S3 and S4). 

The administration of r-mamu-IFN-a during the acute phase of 
infection had no major effect on viral load (Figure 6E), even if a 
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Figure 7. High dose of IFN-a in the acute phase of infection does not induce persistent ISG expression in AGMs. The 6 panels show the 
expression levels in PBMCs and LN cells of 3 ISGs: (A,B) CXCL9, (C,D) CXCL10 (IP-10) and (E,F) CXCL11. Gene expression was measured by real-time PCR 
and expressed as the Log 2 (fold change relative to values before treatment). IFN-a treated AGMs are in blue and untreated in black. The grey area 
indicates the period of treatment. The medians of treated animals were inside the interquartile range of the untreated animals and were thus 
considered not different. 
doi:1 0.1 371 /journal.ppat.1 004241 ,g007 
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slight but not significant decrease was observed as compared to 
untreated animals at the first time points after treatment. Body 
temperatures were elevated during the treatment period with IFN- 
ot (Figure S5). The expression of the ISGs CXCL9, IP-10 and 
CXCL11 were however comparable between treated and untreated 
AGMs in both PBMCs and LN cells (Figure 7). The treatment also 
did not result in a persistent T cell activation (Figure 6G and H) or 
CD4 + T cell loss over time (data not shown). As IFN-oc is known to 
exert direct and indirect effects on innate immune cells, we also 
investigated whether in the absence of a change in disease 
outcome, the IFN-a treatment would still have had an impact on 
NK cells, mDCs and pDCs (Figure S4). The administration of r- 
mamuTFN-oc in the context of the SIV primary infection did not 
affect their frequencies and did not induce an increase of 
maturation or activation of these innate immune cells. 

In summary, in spite of daily administration of high doses of 
IFN-a post peak of SIV replication, AGMs were still able to 
resolve inflammation and immune activation. 

Discussion 

We aimed to study if the lower levels of IFN-a described during 
SIVagm infection as compared to SIVmac infections matter in the 
resolution of the inflammation in AGMs. The early host immune 
responses are an essential factor in determining the subsequent 
clinical course of disease. In mice, an early innate alteration 
significandy compromises the following immune responses and the 
host's ability to counteract the virus /parasite spread [60,61]. We 
tested here whether by artificially increasing IFN-a related 
inflammation during the acute phase of SIVagm infection, one 
can overcome the intrinsic control of immune activation in this 
natural host. In order to study the control of immune activation 
and not interfere with the establishment of viral infection, the 
treatment was administered between the plasma viral peak and the 
end of the acute phase of infection. Surprisingly, the treatment did 
not affect viral dynamics, control of inflammation or T cell 
activation. This is not due to a lack of sensitivity of AGM cells to 
the recombinant IFN-a used here. Indeed, the r-mamu-IFN-a 
molecule was functional in vitro and in vivo in healthy and 
chronically-infected AGMs. Moreover, when administered during 
the chronic phase of infection, our results paralleled those 
described in chronically-infected SMs treated with the same 
molecule, namely a reduction in viral load and increase in ISG 
expression in the absence of major increases of T cell activation 
[57]. Although the number of animals was low, the analyses show 
that r-mamu-IFN-a was fully active on AGM cells. 

It is possible that the lack of changes after IFN-a treatment 
during primary SIVagm infection was due to tolerance to the 
injected IFN-a. In SMs chronically infected with SIVsmm and 
treated with IFN-a, the effect of IFN-a was transient likely due to 
the induction of tolerance to such treatment as also reported in 
humans [62,63]. Here, the treatment was short, but refractoriness 
could have been induced by the previous response to endogenous 
high levels of IFN-a. Of note, we treated the animals starting from 
day 9 pi, corresponding to the peak of endogenous IFN-a 
production. Had we started the treatment on the day of infection, 
we cannot exclude that we might have seen an effect on ISGs or 
viral load. However, such protocol might have lowered the initial 
viral replication, which was in opposition with the aim of our 
study. Altogether, administration of IFN-a in the mid and late part 
of the acute phase did not change the outcome, suggesting that the 
resolution of inflammation in AGMs is not due to a difference in 
the levels of IFN-a production during primary infection. It has 
been suggested that the combination of antiretroviral therapy and 



interferon given during acute HIV infection may potentiate both 
innate and adaptive immune responses against HIV replication 
and/or reservoir levels [64]. Our study shows that in primary 
infection, IFN-a, when administered after the peak of viremia, 
does not affect viral replication or innate responses. It reduces viral 
load during chronic phase. Whether this is true for pathogenic 
infection, remains to be determined. However, the timing is very 
important and should be considered when such treatment is 
envisaged. 

We previously showed that during the acute phase of SIV 
infection the levels of ISGs, such as of IP-10, strictly correlate with 
IFN-a levels [36] . Here, treatment with high doses of IFN-a did 
not lead to sustained ISG expression. This suggests that, at the 
transition of acute to chronic phase other factors than IFN-a 
predominantly drive ISG expressions in macaques and humans. 
Elevated expression levels of ISGs in chronic infection are 
associated with uncontrolled viremia and disease progression 
[23,65]. It could be that not the IFN-I production, but constant 
ISG expression are deleterious for the host. IP-10 has been 
reported to be an excellent marker of inflammation and disease 
progression [4,65-68]. IP-10 is inducible not only by IFN-I and 
IFN-y, but also by other pro-inflammatory cytokines (TNF-a, IL- 
ip, IL-18) [69-71]. Hence, it is possible that IFN-a alone is not 
sufficient, but that a combination with other factors, TNF-a for 
example, is also required to induce ISG expression. Moreover, 
even though ISGs are IFN-inducible, some were shown to be 
directly up-regulated through recognition of viral or bacterial 
products by pattern-recognition receptors in an IFN-independent 
manner [72-75]. Finally, an expansion of the enteric virome and 
microbial translocation are observed in chronic HIV-1 and 
SIVmac infections [76,77]. It could thus explain why macaques 
and humans maintain ISG expression but not AGMs who do not 
display microbial translocation or virome expansion. Other or 
additional factors might also play a role in the maintenance of ISG 
expressions during HIV-1 /SIVmac infections. For instance, 
distinct IFN-a subtypes differendy induce ISG expressions in vivo, 
while here, only IFN-a2, which is considered the most abundant in 
viral infections, was used [69,78-80]. 

Altogether, our study indicates that the non-pathogenic 
outcome of SIVagm infection is not due to differences in IFN-a 
levels between AGM and macaques or humans. It does not 
exclude that the difference in outcome is related to different levels 
of ISG expression. It indicates however, that the mechanisms, 
which maintain high levels of ISG expression, are due to other or 
additional factors than IFN-a. 

Several studies have debated whether natural hosts display 
lower or similar immune activation levels during primary infection 
as compared to pathogenic infections. Some studies have reported 
weaker levels of T cell activation and cytokine concentrations 
during the acute phase of SIVagm or SIVsmm infection, whereas 
in other studies the levels were equivalent to those observed in 
SIVmac-infected macaques [30,36,41,81]. We performed a 
detailed follow-up of T cell activation and, to attempt to reconcile 
the discrepant cytokine profiles, we deciphered here the early 
production of cytokines in AGM. We included in the study the 
cytokines known to be induced very early during pathogenic 
infection, such as IL-15 [19,43]. Of note, the acute phase of 
SIVagm infection resulted in significant increases of early 
cytokines, including IL-15, IP-10 and MCP-1, similar to patho- 
genic infection. However, salient differences were observed for 
cytokines known to be produced in later stages of the acute phase 
of HIV- 1 /SIVmac infections. They were either not or only weakly 
induced in AGMs. In particular, IL-6 and TNF-a were not up- 
regulated (Figure S2). We hypothesize that the early cytokines, 
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which are produced in AGMs during the first two weeks pi, confer 
a benefit to both the virus and the host. It would be beneficial to 
the virus as inflammation attracts target cells to the sites of 
infection. For the host, the induction of early innate responses 
(restriction factors, NK cells, mDCs), would allow the development 
of antiviral innate and adaptive responses for partial control of 
viral replication. AGMs might have found a way to allow early 
inflammation resulting in productive infection while blocking the 
cytokine storm that takes place following the viral peak. This 
would avoid the sustained inflammatory environment. 

The dual pattern of cytokines that we observed might be 
explained by a differential susceptibility to activation by the innate 
cells. While pDCs show a normal sensing of SIVagm [36,37,40] 
leading to the production of IFN-ot, other cells, for instance 
myeloid cells, such as mDC and macrophages, might not produce 
any cytokine. Indeed, a recent study reported that in contrast to 
SIVmac and HIV-1 infections, mDCs mature but do not show 
spontaneous production of pro-inflammatory cytokines such as 
TNF-oc in primary SIVagm infection [48] . 

To understand what might be the key events of the innate 
response in natural hosts that allows them to maintain the 
inflammation under control, we investigated the effect of SIVagm 
infection in AGM on innate immune cell compartments, in 
particular pDCs, mDCs and NK cells. Little is known about those 
decisive early cellular responses in AGMs, in particular regarding 
pDC maturation and NK cell activation. In addition, for the first 
time the activation profiles of these three types of innate cells were 
analyzed concomitantly in the same animals. We analyzed the 
maturation and homing patterns of two sub-populations of mDCs, 
the CD 16 and CD16 + subsets. These correspond to two major 
subsets of mDCs in humans [82,83]. The CD16 + mDCs displayed 
higher levels of activation and maturation than the CD16 - 
subpopulation. Whether these cells play a distinct role in T cell 
activation or tolerance is unclear. PDCs displayed lower levels of 
maturation than mDCs. IFN-ot production by pDCs is associated 
with their maturation stage. It has been shown that HIV skews 
pDCs toward a partially matured and persistently IFN-a-secreting 
phenotype which allows their survival [84] . Eventually, the partial 
maturation of pDCs in AGMs might be associated with their 
capacity of efficient IFN-ot production during the acute phase of 
SIVagm infection. Egress of pDC precursors from bone marrow 
could then account for the return of IFN-ot levels to baseline [85] . 
This is supported by the decrease of HLA-DR expression on the 
pDCs surface. On the contrary, a preferential maturation process 
at the expense of cytokine secretion might be occurring at the level 
of mDCs in AGMs, especially in presence of IFN-I, since IFN-I 
induces mDC maturation rather than cytokine secretion [83]. 

We also analyzed NK cells for the first time in the context of 
SIVagm infection. We observed a strong increase in proliferation 
and activation of NK cells during the acute phase of SIVagm 
infection. Our data support the observations reported in SMs on 
earlier and stronger NK cell responses than in SIVmac-infected 
macaques [39]. The rapid and strong increase in NK cell 
proliferation in AGMs might be a direct consequence of the early 
and robust production of IL-15 and IFN-ot during primary 
SIVagm infection. No production of IFN-y by NK cells was 
observed, while NK cell cytotoxicity was induced. It has been 
shown that IFN-ot and IL-15 promote NK cell proliferation and 
survival, while IFN-ot is able to increase NK cell cytotoxicity, and 
IL-12 to augment the secretion of IFN-y [86]. This is in 
accordance with the fact that modest levels of IL-12 and high 
levels of IFN-0( were detected, playing thus a putative role in 
establishing such protective NK cell responses. It was surprising to 
detect increases in NK cytotoxic function in LNs. One hallmark of 



SIV infection in natural hosts is the high viral load in blood and 
intestinal tissues, but low viral burden in LNs in the chronic phase 
of infection [29,87-90]. It has been suggested for SMs that the 
rapid and dramatic control of viral replication in LNs is associated 
with CD8 + T cell responses [89]. However, it is tempting to 
speculate that at least in the early stage of SIVagm infection in 
AGMs, NK cells could significantly contribute to the control of 
viral replication in LNs which in consequence could contribute to 
limit immune activation [91]. 

Altogether, our study provides evidence that the control of 
immune activation in SIVagm infection is not a consequence of 
lower levels of IFN-ot production. We show that AGMs mount 
strong early innate immune responses as exemplified by the 
significant NK cell activation and production of early cytokines, 
such as IL-15 and MCP-1. Our study indicates that the sustained 
ISG production in HIV/ SIVmac infections is likely driven by 
additional or factors other than IFN-ot, among which could be 
elevated pro-inflammatory cytokine levels, enteric virome expan- 
sion and microbial translocation. The data also suggest that 
mechanisms controlling inflammation are in place before the 
transition of the acute to the chronic phase, thus earlier than 
previously considered. Whether this is due to the establishment of 
inhibitory or tolerance mechanisms after the viral peak, or to a 
distinct susceptibility to infection or immune activation by specific 
immune cell subsets, needs to be further investigated. 

Materials and Methods 

Ethics statement 

Animals were housed in the facilities of the CEA ("Commis- 
sariat a l'Energie Atomique", Fontenay-aux-Roses, France) and 
Institut Pasteur (Paris, France) (CEA permit number: A 92-032-02, 
Institut Pasteur permit number: A 78-100-3). All experimental 
procedures were conducted in the CEA animal facility and in strict 
accordance with the international European guidelines 2010/63/ 
UE about protection of animals used for experimentation and 
other scientific purposes (French decree 2013-118) and with the 
recommendations of the Weatherall report. The monitoring of the 
animals was under the supervision of the veterinarians in charge of 
the animal facilities. All efforts were made to minimize suffering, 
including efforts to improve housing conditions and to provide 
enrichment opportunities (e.g., 12:12 light dark schedule, provi- 
sion of monkey biscuits supplemented with fresh fruit and constant 
water access, objects to manipulate, interaction with caregivers 
and research staff). All procedures were performed under 
anesthesia using 10 mg of ketamine per kg body weight. For 
deeper anesthesia required for lymph node removal a mixture of 
ketamine and xylazine was used. Paracetamol was given after the 
procedure. Euthanasia was performed prior to the development of 
any symptoms of disease (e.g., for macaques when the biological 
markers indicated progression towards disease, such as significant 
CD4 + T cell decline and increases of viremia). Euthanasia was 
done by IV injection of a lethal dose of pentobarbital. The CEA is 
in compliance with Standards for Human Care and Use of 
Laboratory of the Office for Laboratory Animal Welfare (OLAW, 
USA) under OLAW Assurance number #A5826-01. Animal 
experimental protocols were approved by the Ethical Committee 
of Animal Experimentation (CETEA-DSV, IDF, France) (Notifi- 
cation number: 10-05 lb). 

Animals, treatments and sample collections 

Eighteen Caribbean-origin African green monkeys (Chlorocebus 
sabaeus) and two Chinese rhesus macaques (Macaca mulatto) were 
used in the study. AGMs were infected by intravenous inoculation 
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with 250 TCID 50 of purified SIVagm.sab92018, and macaques 
with 5000 AID 50 of SIVmac251, as previously described [90]. 
SIVagm.sab92018 has been purified by sucrose density gradient 
centrifugation and on Vivaspin 20 columns (Vivaproducts). 
Neither IFN-a nor endotoxin (LAL QCL-1000 Kit, Lonza) were 
detected in the two viral stocks. Four AGMs were treated with the 
r-mamu IFN-a-IgFc by subcutaneous injection (Resource for NHP 
Immune Reagents, Emory University, Atlanta, GA): 2 were used 
for the establishment of the treatment protocol and control of its 
efficiency in AGM, and 2 were treated during the acute phase of 
infection. When daily injections of 5x10 IU for over a period of 
16 days were performed, the dose was increased by 10% every 
second day. 

Whole blood was collected from all AGMs. For the initial 
groups of monkeys, baseline blood collections were performed at 4 
to 6 time points before infection (days —30, —28, —23, —21, — 19 
and —16) to mimic the sampling of the acute phase and measure 
any difference linked to the sampling. No variation due to the 
sampling was observed. Blood was then collected during primary 
infection (on days 2, 4, 7, 9, 11, 14 and 25) and during the chronic 
phase (days 31, 59, 85, 122, 183, 241, 354, 456, 547 or 
euthanasia). AGM peripheral LNs were obtained by excision 
before infection (days — 1 5 and/ or — 1 0) and after infection at the 
following days: 2 (3 AGMs), 7 (1 AGM), 9 (8 AGMs), 1 1 (7 AGMs), 
14 (8 AGMs), 25 (7 AGMs) and 547 pi or euthanasia (5 AGM). In 
a second group of 8 AGMs, blood was collected at 3 to 4 time 
points before infection (days —40, —30, —20, —10), at very early 
time points during primary infection (6 hours post-infection and at 
days 1, 2, 4, 7, 9, 1 1, 14, 28 pi) and during the chronic phase (days 
42 and 63 pi). 

Flow cytometry 

Panels of fluorochrome-labeled monoclonal antibodies (mAbs) 
that have been shown to be cross-reactive with AGMs, were used 
to label fresh whole blood and LN cells and were purchased from 
BD Biosciences unless otherwise stated: CD3 (SP34-2), CD4 
(L200), CD8 (Ski), CD20 (2H7, ebioscience), HLA-DR (L243), 
CD16 (3G8), NKG2A (Z199, Coulter), CD107a (H4A3), CXCR3 
(1C6), CD69 (FN50, ebioscience), CD 123 (7G3), BDCA-2 
(AC 144, Miltenyi), CD86 (FUN-1), CD40 (HB14, Caltag), 
CCR7 (3D 12, ebioscience), CDllc (S-HCL-3), CD80 (L307.4), 
IFN-y (45-15, Miltenyi), CD45 (D058-1283), Ki-67 (MIB-1, Dako) 
as well as isotype controls. FcR Blocking Reagent (Miltenyi) was 
used to block unwanted binding of antibodies and increase the 
staining specificity of cell surface antigens. For detection of IFN-y 
and CD 107a, cells were pre-incubated for 4 hours with brefeldin 
A and monensin at 37°C prior to labeling with surface-binding 
antibodies and then fixed and permeabilized prior to incubation 
with IFN-y antibody. Cells were run on a BD LSR-II flow 
cytometer system, collected with BD FACS Diva 6.0 software, and 
analyzed with Flowjo 8.8.7 (TreeStar). 

Cytokine quantifications 

Cytokines were measured in plasma and LN cell supernatants. 
LN cell supernatant consists of the medium in which the biopsy 
was collected and kept for 2-3 hours at 4°C. Cells were prepared 
by homogenization in the same medium and the supernatant was 
collected after centrifugation. Titers of bioactive IFN-a were 
determined as previously described [38]. The same test was used 
to search for plasma IFN-a antibodies that might have developed 
in response to the treatment. The other cytokines were quantified 
using the following ELISA kits: MONKEY IFN-gamma, IL-6, IL- 
8, IL-10, IL-12/23p40, TNF-alpha (U-Cytech), Human IL-15, 
CXCLlO/IP-10, CCL2/MCP-1, TRAIL/TNFSF 1 0 Quantikine 



Kits (R&D), Human IL-17A Ready-SET-Go (eBiosciences), 
Human IL-18 Kit (MBL), Simian IFN-beta Kit (USCN), TGF- 
pil Multispecies Kit (Invitrogen). To verify the cross-reactivity of 
the antibodies used in the ELISA kit for cytokines that have never 
been tested on AGM [30,36], AGM PBMCs were stimulated in 
vitro and cytokines were measured in the supernatants (data not 
shown). 

Quantification of viral RNA and of cellular mRNA 

Plasma viral load was determined by real-time PGR [90]. 
Quantification of ISG transcripts was performed by real-time RT- 
PCR in triplicate using Taqman gene expression assays (Life 
technologies). The expression of each gene was normalized against 
that of i&SrRNA [30,36]. 

Statistical analyses 

To characterize each marker's progression (figures 2-4), a linear 
mixed effect model was used to account for multiple measure- 
ments within each AGM. Firsdy, we graphically assessed that the 
marker's distribution was Gaussian; if not, a logarithmic transfor- 
mation was used. Secondly, a LOWESS (locally weighted 
scatterplot smoothing) curve was used to assess whether the 
marker's trajectory looked linear or piecewise linear. Based on 
these trajectories, we introduced or not slopes. We indicated at 
which time-point the change of slope occurred. Finally, a mixed 
effect linear or piecewise-linear model was applied. When two 
slopes were introduced into the model, the difference between the 
two slopes was tested using Wald's test. The Wilcoxon matched- 
pairs signed rank test was used to evaluate whether there was a 
statistically significant difference in the level of one given marker at 
a given time point following inoculation when compared to the 
baseline medians (day 0), using Prism (GraphPad). Baseline 
medians in blood consisted of 3 to 6 pre-infection values per 
animal for the flow cytometry and gene expression analysis, and 4 
total pre-infection values per animal for the plasma cytokines 
study. In LNs, it consisted of 1 to 2 pre-infection values per animal 
for all the measurements. Finally, the Spearman rank test was used 
to assess the correlation between 2 continuous variables. 

Supporting Information 

Figure SI Flow-cytometric gating strategy. Flow-cytomet- 
ric gating strategy used to identify (A) pDCs and mDCs, (B) 
CD16 +/ " NK cells in blood and (C) CD16" NK cells in LNs. 
Representative flow-cytometric analysis with whole blood (A, B) 
and LN cells (C) from a healthy AGM. 
(TIF) 

Figure S2 Levels of soluble factors in plasma during 
SIVagm infection. Plasma levels of 1 1 additional cytokines were 
evaluated. The number of animals are indicated in brackets after 
each cytokine: (A) IFN-|3 (n = 6), (B) IFN-y (n=14), (C) IL-18 
(n = 6), (D) IL-8 (n = 8), (E) sTRAIL (n = 8), (F) IL-6 (n = 8), (G) IL- 
12p40 (n = 14), (H) TGF-P (n = 8), (I) IL-10 (n = 8) were measured 
by ELISA. The results for IL- 1 7 and TNF-a ELISA are not shown 
since the levels were undetectable in AGM plasma. Red hatched 
boxes indicate statistically significant increases relative to baseline 
with p<0.05. Blue boxes indicate a decrease (p<0.05) (Wilcoxon 
matched-pairs signed rank test). The X axes were placed at the 
threshold value. 
(TIFF) 

Figure S3 Comparison of the cytokine levels and 
kinetics in treated and untreated AGMs with those of 
rhesus macaques. Plasma levels of cytokines in 14 AGMs 
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infected with SIVagm.sab92018 (black), the 2 IFN-oc treated 
AGMs (blue) and 2 rhesus macaques infected with SIVmac251 
(RM) (red). The levels of 4 early cytokines (A) IL-15, (B) IFN-a, (C) 
IP- 10, (D) MCP-1 and 2 cytokines reported to appear later in 
SIVmac/HIV-1 primary infection (E) IFN-y and (F) IL-18 (n = 6 
AGMs) were determined. Data are presented as medians and 
interquartile ranges for untreated AGMs and as median only for 
the 2 treated AGMs and the 2 RMs. Day zero represents the 
median of all the time points before infection. All the AGMs and 
RMs were infected on day zero. The grey area indicates the period 
of IFN-a treatment. 
(TIF) 

Figure S4 High dose of recombinant IFN-a injection 
during primary SIVagm infection does not affect innate 
immune cells. Analysis of the effect of high dose IFN-a 
injection in vivo on NK cells (A, B) frequencies and (C, D) 
activation (Ki-67%), on pDCs (E, F) frequencies and (G, H) 
maturation (CD86 mfi) and on mDCs (I, J) frequencies and (K, L) 
maturation (CD80 mfi), in blood (left panels) and LNs (right 
panels). Data are presented as medians and interquartile ranges 
for untreated animals (black) and median only for treated animals 
(blue). Day zero represents the median of all the time points 
before infection. The grey area indicates the period of treatment. 
The medians of treated animals were inside the interquartile 
range of the control untreated animals and were thus considered 
not different. 
(TIF) 
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